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Abstract 

Ni-Cd  pocket  plate  single  cells  have  been  float-charged  at  1.40  and  1.42  V  at  room  temperature  and  40°C  for  a  time  period  of  2-3  years. 
Subsequent  ex  situ  X-ray  diffraction  measurements  were  performed  on  the  charged  positive  active  Ni  electrode  material. 

The  appearance  of  the  diffraction  pattern  of  one  of  the  charged  electrode  materials  (conventionally  named  nickel  oxy-hydroxide- P- 
NiOOH)  shows  resemblance  to  the  pattern  of  discharged  nickel  hydroxide  ((3-Ni(OH)2).  In  situ  X-ray  diffraction,  electrochemical  and 
transmission  electron  microscopy  measurements  were  used  to  further  investigate  this  charged  phase. 

Our  results  clearly  show  the  difficulties  to  interpret  the  data  from  X-ray  powder  diffraction  measurements  in  order  to  study  and 
characterise  aged  positive  active  material,  especially  in  the  charged  state.  The  use  of  structure  models  from  well  crystalline,  often 
synthetically  manufactured,  powder  samples  in  order  to  describe  amorphous  material  must  be  questioned.  There  are  numerous  parameters 
that  may  affect  the  charge/discharge  transformation  and  the  structural  appearance  of  positive  active  material. 

Transmission  electron  microscopy  (TEM)  measurements  indicate  structural  differences  of  the  sample  subjected  to  Rietveld  refinement  on 
X-ray  diffraction  data  compared  to  earlier  published  structure.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  alkaline  Ni-Cd  battery  is  a  mature  product  [1].  Over 
the  years,  various  designs  have  been  developed  from  pocket- 
plate,  tubular  and  sintered  cells  to  more  sophisticated  foam 
and  plastic  bonded  electrode  cells.  Common  for  these 
designs  are  the  use  of  nickel  hydroxide  and  cadmium 
hydroxide  as  active  materials,  which  during  charging  trans¬ 
form  to  nickel  oxy-hydroxide  and  free  cadmium.  Nickel 
hydroxide  and  its  oxidation  products  are  of  special  interest, 
since  it  constitutes  the  positive  electrode  in  other  battery 
systems,  e.g.  Ni-MeH,  Ni-Zn  and  Ni-H2. 

The  redox  process  of  the  positive  active  material  induces 
several  different  structural  changes.  Its  behaviour  is  depend¬ 
ing  on  for  example  temperature,  electrolyte  concentration, 
extent  of  discharge/charge  and  iron  content.  In  efforts 
made  to  understand  the  Ni  electrode  material,  it  has  been 
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extensively  examined  by  X-ray  diffraction  (XRD),  extended 
X-ray  absorption  fine  structure  (EXAFS),  Raman  spectro¬ 
scopy,  neutron  diffraction  and  infra-red  spectroscopy  (IR).  A 
large  number  of  scientific  papers  have  been  generated  in  the 
fields  of  electrochemistry,  structural  chemistry  and  applied 
battery  technology. 

From  a  structural  point  of  view,  the  nickel  hydroxide  and 
oxy-hydroxide  phase  transformations  have  been  of  particu¬ 
lar  interest.  However,  problems  arise  on  determination  of  the 
structure  of  these  phases  by  XRD  due  to  the  highly  dis¬ 
ordered  or  amorphous  nature  of  the  material.  The  transfor¬ 
mations  are  believed  to  be  largely  heterogeneous  [2],  and  the 
discharge  mechanism  (Ni(III)  to  Ni(II))  is  thought  to  pro¬ 
gress  through  either  of  two  types  of  reactions  (a)  proton 
diffusion  mechanism  or  (b)  by  an  intercalated  water 
mechanism  [3].  It  is  difficult  to  separate  the  oxidised  and 
reduced  phases,  since  they  have  been  suggested  to  have 
closely  related  structures  [4].  McEwen  [5]  claims  that  the 
oxidation  rate  determines  to  what  extent  the  discharged 
p-Ni(OH)2  structure  is  preserved  in  the  charged  p-NiOOH 
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state.  Barnard  et  al.  [6]  state  that  the  differences  between  the 
charged  and  discharged  structures  only  originate  from  dif¬ 
ferences  in  intensities  of  the  XRD  peaks.  The  oxidation  of  P- 
Ni(OH)2  occurs  topotactically  and  the  decreasing  line  inten¬ 
sities  are  followed  by  a  defect  layer  structure.  Briggs  and 
Wynne -Jones  [4]  claim  that  the  discharged  structure  persists 
almost  unchanged  upon  oxidation  to  a  composition  of  about 
NiO  ]  35,  whereas  Feitknecht  et  al.  [7]  believe  that  under 
some  circumstances  the  divalent  Ni  structure  can  persist  up 
to  trivalent  Ni  (NiOj  5). 

A  reaction  scheme  for  the  transformation  between  the 
different  phases  was  initially  proposed  by  Bode  et  al.  in  1966 
[8].  Their  scheme  is  still  valid,  although  some  changes  have 
been  proposed.  The  existing  phases  can  be  summarised  as 
follows.  P-Ni(OH)2,  the  discharged  state,  exhibits  hexagonal 
close  packing  (hep)  of  oxygen.  The  space  group  is  P31m 
(16  2)  and  the  lattice  parameters  are  a  =  3.126  A, 
c  =  4.605  A  (JCPDS  14-0117)  [9],  The  structure  is 
described  as  a  layered  structure  along  the  c-axis  with  a 
hexagonal  arrangement  of  nickel  in  each  layer  and  oxygen 
octahedrally  coordinated,  similar  to  the  brucite  structure 
(Mg(OH)2)  (cf.  Fig.  1).  Evidenced  by  IR,  Oliva  et  al.  L10] 
state  that  there  are  no  hydrogen  bonds  between  the  layers. 

P-NiOOH,  the  charged  state,  has  the  valence  3+,  which 
has  been  proved  by  X-ray  absorption  near-edge  structure 
(XANES)  measurements  [11].  This  phase  is  suggested  to 
exhibit  a  hexagonal  lattice,  similar  to  that  of  p-Ni(OH)2. 
The  lattice  parameters  are  a  =  2.81  A,  c  =  4.84  A  (JCPDS 
06-0141)  [9],  The  protons  are  intercalating  between  the 
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Fig.  1 .  Structure  of  hexagonal  ()-Ni(OH)2.  showing  the  layered  structure 
along  the  (0  0  1)  direction.  The  Ni  atoms  are  located  at  the  centre  of  the 
octahedron  and  O  at  the  vertices.  H  is  pointing  outwards  perpendicular  to 
each  layer. 


layers,  building  up  a  hydrogen-bonded  structure,  indicated 
by  IR  [10].  Malsbury  and  Greaves  [12]  show  that  Ni203H 
exhibits  a  largely  different  diffraction  pattern  compared  to 
the  P-NiOOH,  and  presents  an  orthorhombic  unit  cell, 
however,  with  a  close  relation  to  the  unit  cell  of  P-NiOOH, 
where  the  valence  of  nickel  is  alternating  between  4+  and 
2+.  There  are  still  questions  about  the  structural  appearance 
of  p-NiOOH  not  answered  by  the  conventional  hexagonal 
(. a  =  2.8  A  and  c  =  4.8  A)  structure  model. 

Overcharging  of  the  P-Ni(OH)2  may  give  y-NiOOH 
phase.  This  phase  has  a  2.82  A  Ni-Ni  distance,  but  the 
interlayer  distance  is  thought  to  vary  in  a  wide  range  due  to 
intercalation  of  alkali  cations  (e.g.  Li+,  K+),  water  mole¬ 
cules,  and  due  to  the  stacking  sequence  of  the  Ni02  layers.  A 
typical  value  of  the  interlayer  distance  is  around  7  A.  Dis¬ 
charging  occurs  via  an  intermediate  phase,  a-Ni(OH)2,  to  p- 
Ni(OH)2,  or  directly  from  y-NiOOH  to  P-Ni(OH)2  [13]. 

The  aim  of  the  present  work  is  to  contribute  to  the  existing 
knowledge  concerning  the  structural  description  of  the 
active  nickel  material  and  to  discuss  the  present  model  in 
a  critical  view.  Throughout  the  course  of  this  work,  ordinary 
pocket  plate  single  cells  have  been  used.  These  cells  have 
been  float-charged  at  room  temperature  (RT)  and  at  40°C  for 
more  than  2  years,  float-charged  at  1 .40  and  1 .42  V  constant 
voltage,  respectively.  The  structural  appearance  of  one  of  the 
charged  positive  active  materials  (float-charged  at  room 
temperature  and  1.42  V)  could  not  easily  be  explained  on 
examination  by  X-ray  powder  diffraction  and  was,  therefore, 
further  investigated  by  in  situ  XRD  and  transmission  elec¬ 
tron  microscopy  (TEM)  measurements. 

The  conclusions  from  our  experiments  are  that  the  use  of 
crystal  structure  models  from  well-crystalline  powder  sam¬ 
ples,  often  synthetically  manufactured,  and  from  possibly 
single  crystal  experiments  to  describe  heavily  disordered, 
even  amorphous  and  aged  Ni  electrode  materials  can  be 
greatly  questioned. 

The  TEM  measurements  indicate  a  much  longer  c-axis, 
independently  determined  from  several  different  crystallites, 
on  one  of  the  positive  discharged  electrode  materials.  The  c- 
axis  was  determined  to  be  c  =  5.0(1)  A  from  all  crystallites. 
Furthermore,  systematic  extinctions  were  found  in  the  (0  0  /) 
reflections  that  indicated  the  presence  of  translational  sym¬ 
metry  elements  not  present  in  the  conventional  structure 
model  of  P-Ni(OH)2. 

2.  Experimental 

2.1.  Test  cells 

Three  types  of  pocket  plate  single  cells,  denoted  [A],  [B] 
and  [C]  in  the  following,  were  tested  electrically.  The 
positive  electrode  consists  mainly  of  nickel  hydroxide  and 
graphite,  and  the  negative  electrode  of  cadmium  hydroxide, 
iron  oxide  and  graphite.  The  aged  electrolyte  consists  of  an 
aqueous  solution  of  KOH,  LiOH  and  K2CO  ,  [14]. 
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2.2.  Electrical  testing 

Prior  to  the  electrical  testing,  the  cells  were  subjected  to 
two  formation  cycles  at  RT  in  order  to  activate  the  electrode 
material.  The  formation  was  followed  by  capacity  measure¬ 
ments  at  O.2C5  A.  Then  the  cells  were  either  charged  at  a 
constant  potential  of  1.42  V  at  RT  during  2  years  [A],  at  a 
constant  potential  of  1.40  V  and  40°C  during  3  years  [B],  or 
at  constant  potential  of  1.42  V  at  40°C  during  3  years  [C]. 
Cell  and  electrode  capacity  measurements  were  conducted 
directly  after  these  charging  periods.  The  capacity  data  were 
registered  by  means  of  a  computer-controlled  sampling 
system. 

2.3.  Cell  dismantling 

After  the  electrical  testing,  the  cells  used  for  analyses 
were  further  cycled  in  order  to  eliminate  y-NiOOH.  The 
cycle  route  was  concluded  with  charging  10  h  at  O.2C5  A  in 
order  to  assure  the  state  of  charge  of  the  positive  electrode. 

Then  the  positive  electrodes  were  dismantled  in  the 
charged  state.  The  active  material  was  immediately  trans¬ 
formed  into  a  vacuum  vessel  and  dried  at  low  pressure  for 
2  h  to  achieve  a  gentle  and  fast  drying.  The  drying  process 
was  either  performed  at  RT  or  at  60°C.  After  the  drying,  the 
sample  was  immediately  analysed  with  X-ray  diffraction 
and  electrochemical  techniques. 

2.4.  Ex  situ  XRD  measurements 

The  samples  were  examined  by  X-ray  diffraction  using  a 
powder  diffractometer  SIEMENS  D5000.  During  the  pow¬ 
der  analysis,  the  diffractometer  was  equipped  with  either  a 
position  sensitive  detector  (PSD)  or  a  scintillation  detector. 
A  copper  characteristic  radiation  source  was  used 
(A  =  1.54184  A).  The  measurements  were  made  at  0.02° 
intervals  of  26  using  a  cumulated  count-time  of  10  s  for  each 
step  over  the  range  10-70  in  26  when  the  PSD  was  used, 
and  10-90°  when  the  scintillation  detector  was  used. 

Rietveld  refinements  were  performed  on  intensity  data 
from  the  charged  Ni  electrode  material  [A]  with  silicon 
added  as  an  internal  standard. 

Crystallite  sizes  from  the  (0  0  1),  (1  0  0)  and  (1  0  1)  peaks 
of  the  various  nickel  hydroxide/oxy-hydroxide  phases  were 
calculated  by  the  Scherrer  formula,  with  a  value  of  0.9  for 
the  Scherrer  constant  K  [15]. 

KX 

L  p  cos  6 

where  L  is  the  mean  dimension  of  the  crystallites  (A)  and 
j>  the  breadth  of  the  diffraction  peak  (radians)  corrected 
for  instrumental  effects.  For  these  calculations,  the  Philips 
PC-APD  program  version  4.0e  was  used.  Corrections  for 
instrumental  effects  on  peak  broadening  were  made  by 
using  the  full  widths  at  half  height  of  properly-chosen  silicon 
lines. 


2.5.  In  situ  XRD  measurements 

In  situ  XRD  measurements  were  performed  on  the  active 
material  [A]  and  with  a  set-up  described  below  and  shown  in 
Fig.  2. 

To  collect  X-ray  powder  diffraction  patterns,  a  STOE 
Stadi-P  diffractometer  was  used  equipped  with  a  Ge  mono¬ 
chromator  and  a  linear  PSD  covering  6°  in  26. 

The  experimental  construction  consists  of  a  Teflon-' 
(PTFE)  cell  covered  with  a  polyethylene  (pe)  window  fixed 
with  a  stainless  steel  ring.  This  window  material  is  mechani¬ 
cally  robust  and  chemically  inert,  and  at  the  same  time 
sufficiently  transparent  to  X-rays.  Polyethylene  exhibits  quite 
a  low  absorption  coefficient  [i  =  8.876  cm-1  [16].  The  posi¬ 
tive  and  negative  electrodes  were  manufactured  as  described 
below.  A  0.60  g  of  the  material  LA]  («100  mAh)  and  0.60  g 
of  negative  active  Cd(OH)2  material  (ft;  1 90  mAh)  was  used. 
The  electrolyte  was  6  M  KOH  aqueous  solution.  Circular 
sheets  of  1 8  and  25  mm  in  diameter  were  cut  from  a  nickel 
mesh.  The  25  mm  disc  was  fringed  and  a  small  hole 
(0  ss  2  mm)  was  cut  out  in  the  middle  of  the  disc.  A  circular 
tablet  of  18  mm  of  the  active  material  was  compacted  at  a 
pressure  of  20  MPa  and  placed  on  the  larger  fringed  disc 
upon  which  the  smaller  disc  and  a  tab  was  placed.  The  fringes 
were  folded  back  and  the  whole  package  was  compacted  at  a 
pressure  of  10  MPa.  A  Ni  plate  was  used  as  reference  elec¬ 
trode.  In  order  to  prevent  short-circuits  and  at  the  same  time 
assure  that  the  electrodes  still  achieve  good  wettability,  they 
were  separated  by  polypropylene  (pp)  fibrous  separators. 

Prior  to  the  in  situ  X-ray  measurements,  the  cell  was 
cycled  several  times  at  O.2C5  A,  and  finally  charged  with 
0. 1 C5  A.  The  X-ray  diffraction  measurements  were  there¬ 
after  performed  during  24  h  at  constant  charging  rate  of 
O.O5C5  A.  The  subsequent  discharge  was  monitored  in  order 
to  qualitatively  be  able  to  deduce  the  chargeability  of  the  Ni 
electrode.  X-ray  measurements  were  performed  on  dis¬ 
charged  materials  as  well. 

2.6.  Electrochemical  investigation 

In  order  to  investigate  the  state  of  charge  of  material  [A] 
studied  by  ex  situ  XRD,  electrochemical  techniques  were 
employed.  A  conventional  three-electrode  cell  was  used 
with  platinum  gauze  as  the  auxiliary  electrode.  The  potential 
at  the  working  electrode  was  measured  against  a  saturated 
potassium  chloride  reference  Ag/AgCl  electrode,  E  =  220 
mV  with  respect  to  SHE.  The  working  electrode  was  made 
of  the  positive  active  material  mixed  with  a  carbon  paste, 
using  the  carbon  paste  electroactive  electrode  (CPEE)  tech¬ 
nique.  This  technique,  which  can  be  used  to  study  the 
electrochemical  behaviour  of  powders  and  non-conducting 
materials,  has  been  described  elsewhere  [14,17,18].  The 
mixing  ratios  (by  weight)  were  1:3  E/CP  (electroactive 
material/carbon  paste).  The  cell  was  made  of  polypropylene 
and  all  experiments  were  carried  out  at  room  temperature. 
The  electrolyte  used  consisted  of  3.5  M  KOH,  0.75  M  LiOH 


18 


U.  Palmqvist  et  al. /Journal  of  Power  Sources  99  (2001)  15-25 


Fig.  2.  The  appearance  of  the  cell  used  in  the  in  situ  XRD  measurements. 


and  0.75  M  K2CO3  in  order  to  simulate  the  electrolyte 
composition  found  in  the  batteries.  In  order  to  prevent 
oxygen  contamination,  the  electrolyte  was  purged  with 
highly-purified  nitrogen  for  at  least  30  min  before  the 
experiment,  and  a  nitrogen  flow  was  maintained  above 
the  solution  during  the  measurements  as  well  in  order  to 
keep  the  inert  atmosphere.  An  EG&G  Princeton  Applied 
Research  Potentiostat/Galvanostat  Model  273A  was  used 
equipped  with  the  270  software  package. 

The  state  of  charge  of  the  active  material  was  determined 
by  electrochemical  reduction  of  the  active  material  to 
metallic  nickel.  The  reduction  was  performed  by  chrono- 
potentiometry  and  by  potential  sweep  techniques.  A  con¬ 
stant  current  of  —0.1  mA  was  applied,  with  a  time  length 
depending  on  the  amount  of  active  material  at  the  carbon 
paste  electrode  surface.  The  potential  sweep  rate  used  was 
0.1  mV/s. 

2.7.  TEM  measurements 

TEM  was  performed  on  discharged  material  [A],  which 
was  washed  in  water  and  dried  at  70°C  overnight  before  use. 
The  samples  were  prepared  by  grinding  in  ethanol  and 
placing  one  drop  of  the  suspension  onto  a  holey  carbon 


film  supported  by  a  copper  grid.  The  microscope  used  was  a 
JEOL  3010UHR  operated  at  300  kV. 

Pristine  charged  positive  active  material  was  studied  by 
TEM  as  well.  Before  running  TEM,  this  material  was 
electrochemically  activated. 

2.8.  Chemical  analyses 

Determination  of  the  iron  content  in  the  positive  electrode 
materials  was  made  on  an  X-ray  fluorescence  spectrometer 
(Philips;  PW2040),  and  the  lithium  concentration  was  deter¬ 
mined  by  atomic  absorption  spectrometer  measurements 
(Varian;  AA  1275).  The  graphite  content  was  obtained  as 
the  residue  after  dissolution  and  filtering  of  the  material  in 
strong  hydrochloric  acid.  Carbonate  and  hydroxide  ions  in 
the  electrolyte  were  obtained  from  acid-base  titration. 

3.  Results  and  discussion 

3.1.  Ex  situ  XRD  measurements 

The  XRD  patterns  of  two  of  the  investigated  cells  ([B]  and 
[C])  follow  a  conventional  way  of  structural  transformation 
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from  a  discharged  state  to  a  charged  state,  while  a  third 
sample  ([A])  does  not.  In  Figs.  3-5,  the  diffraction  patterns 
are  shown  of  the  three  different  float-charged  cells,  contain¬ 
ing  material  from  LA]  to  LC],  as  well  as  reference  discharged 
and  charged  positive  active  material.  Simple  calculations 
considering  hexagonal  cells  with  a  =  3.13  A  and 
c  =  4.61  A  for  P-Ni(OH)2  (JCPDS  14-0117)  and 


Fig.  3.  XRD  patterns  from  charged  materials  [B],  [C]  and  reference:  (a) 
(0  0  1)  peak;  (b)  and  (c)  (1  1  0)  peak. 


Fig.  4.  Comparison  of  the  XRD  pattern  obtained  from  charged  and 
discharged  reference  active  positive  material. 

a  =  2.81  A  and  c  =  4.84  A  for  P-NiOOH  (JCPDS  06- 
0141)  yield  that  the  (110)  peak  from  discharged  material 
should  appear  at  29  =  59.2°  and  the  (110)  peak  from 
charged  material  at  29  =  66.2°.  Similar  calculations  show 
that  the  (0  0  1)  peak  for  the  discharged  state  should  appear  at 
29  =  19.2°  and  the  charged  state  at  29  =  18.3°.  Shifts  as 
large  as  these  cannot  be  observed  along  (0  0  1)  (Fig.  3a). 

Thus,  positional  peak  shifts  in  the  diffraction  pattern, 
considering  the  (110)  and  (0  0  1)  peaks,  are  expected  to 
occur  when  the  active  material  is  charged.  The  material  [C] 
in  Fig.  3a-c  shows  a  large  similarity  with  the  charged 
reference.  The  (1  1  0)  peak  at  29  «  59°  disappears  upon 
charging,  and  the  very  broad  peak  at  about  29  «  66°  can  be 
interpreted  as  the  (110)  peak  in  the  charged  phase.  This  is  in 
accordance  with  a  shorter  a-  and  b-axis,  and  also  with  a 
largely-amorphous  structure  in  the  ah-plane  compared  to  the 
discharged  phase,  A  comparison  of  the  diffraction  patterns 
of  discharged  and  charged  reference  materials  (Fig.  4)  shows 
clearly  that  the  structure  of  the  latter  phase  to  a  large  extent  is 
amorphous.  This  is  indicated  by  the  lack  of  well-defined 
Bragg  peaks  in  the  charged  phase.  The  material  [C]  behaves 
as  one  would  expect  from  current  theories  [9]. 

Fig.  5a-d  show  the  diffraction  patterns  of  [A],  which  has 
been  charged  at  RT  with  1.40  V  for  2  years.  Both  the  (0  0  1) 
and  (110)  peaks  have  positions  which  correspond  to  the  P- 
Ni(OH)2  structure,  i.e.  there  are  practically  no  differences 
from  a  discharged  phase.  Results  after  calculation  of  the 
crystallite  sizes  from  (0  0  1),  (1  0  0)  and  (1  0  1)  peaks  in 
these  patterns  of  [A]  are  shown  in  Table  1;  see  also  Fig.  5a. 
Compared  to  values  obtained  for  a  pristine  material,  it  is 
evident  that  the  crystallites  of  [A]  are  significantly  larger 
after  2  years  of  charging  at  constant  potential.  The  structure 
along  the  c-direction  is  less  ordered  than  in  the  a-  and  In¬ 
directions.  This  is  in  complete  agreement  with  experience  of 
XRD  analysis  of  positive  material  from  aged  battery  cells. 

The  material  [B]  in  Fig.  3a-c  is  shown  to  be  partly 
charged,  since  the  (110)  peak  at  59°  in  29  still  exhibits 
intensity.  The  (0  0  1)  peak  of  [B]  seems  to  be  shifted  to 
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Fig.  5.  XRD  patterns  of:  (a)  charged  material  [A];  (b)  charged  reference;  (c)  discharged  reference,  and  (d)  charged  material  [A],  (b)  The  (0  0  1)  and  (c-d)  the 
(110)  peaks,  respectively. 


higher  20  values  compared  to  [C],  which  is  assumed  to  be 
fully  charged  when  compared  to  the  charged  reference  cell. 
It  should  be  emphasised  that  small  shifts  in  peak  positions 
are  much  more  easily  detected  and  preferably  should  be  used 
when  comparing  different  diffraction  patterns,  instead  of 
comparing  unit  cell  parameters  derived  from  several  peaks 
in  a  traditional  cell  parameter  refinement.  The  large  indivi¬ 
dual  errors  of  the  peak  positions  can  give  unreliable  esti¬ 
mates  of  the  cell  parameters  when  refining  cell  parameters 
from  diffraction  patterns  with  broad  and  anisotropically- 
shaped  peaks.  Some  peaks  in  the  diffraction  patterns  of  the 
different  phases  preferably  should  not  be  termed  Bragg 
peaks  in  a  traditional  sense,  but  should  be  interpreted  as  a 


Table  1 

Calculation  of  crystallite  sizes  (in  A)  in  different  directions  corrected  for 
instrumental  effects  on  peak  broadening 


Sample 

(0  0  1) 

(10  0) 

(10  1) 

Discharged  pristine  material 

78 

233 

82 

Charged  pristine  material 

59 

132 

133 

Charged  material  [A] 

77 

569 

104 

measure  of  how  probable  an  interatomic  distance  is  in  the 
sample.  Several  effects  such  as  for  instance  concentration 
gradients  in  the  sample  can  give  heavily-distorted  peaks. 

A  heterogeneous  charge/discharge  transformation  [2]  is 
supported  by  these  XRD  results.  In  Fig.  3b  and  c,  two 
distinct  peaks  are  observed  for  material  [B]  at  20  «  59° 
((1  10)  discharged  material)  and  20  ss  66°  ((1  10)  charged 
material)  indicating  the  simultaneous  presence  of  discharged 
and  charged  phases. 

3.2.  In  situ  XRD  measurements 

The  in  situ  measurements  on  the  material  [A]  were 
performed  in  order  to  avoid  any  effects  following  the  drying 
procedure  such  as  changed  degree  of  hydration  and  the 
effect  of  oxygen  in  the  air. 

The  chargeability  of  the  cell  was  low;  only  about  30%  of 
the  positive  material  was  charged.  This  low  chargeability 
may  of  course  increase  the  risk  of  measuring  uncharged 
material  in  the  electrode  instead  of  charged  material.  The 
low  value  may  be  due  to  the  cell  construction  itself,  with 
pressed  tablets  leaving  the  innermost  part  of  the  material 
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Fig.  6.  In  situ  XRD  patterns  compared  to  ex  situ  patterns  of  material  [A]: 
(a)  the  (10  1)  diffraction  peak;  (b)  the  (110)  diffraction  peak. 

inactive.  The  material  at  the  surface  contributes  most  to  the 
diffraction  pattern  and  should  be  most  easily  accessible  for 
charging. 

The  results  show  no  tendency  of  the  diffraction  pattern  to 
shift  towards  the  postulated  p-NiOOH  structure.  Fig.  6a  and 
b,  which  is  in  agreement  with  the  results  above.  The  (0  0  1) 
peak  was  extremely  broad  and  heavily  distorted  together 
with  an  overlap  from  polyethylene  peaks,  thus  it  was  not 
used  in  these  comparisons.  The  (1  0  1)  peak  was,  however, 
easily  discernible.  The  (110)  peak  at  20  «  66°  was  absent. 
In  summary,  there  is  a  very  small  difference  along  the  ab- 
direction  between  charged  and  discharged  states.  The  con¬ 
clusions  regarding  the  c-direction  are  much  more  statisti¬ 
cally  inaccurate  as  they  are  based  on  more  or  less  only  one 
distorted  peak  (0  0  1 ).  Furthermore,  there  is  no  differences  in 
26  between  the  resulting  diffraction  patterns  of  the  active 
material  from  ex  situ  and  in  situ  measurements. 

3.3.  Rietveld  refinement 

The  XRD  data  of  material  [A]  was  subjected  to  a  Rietveld 
refinement.  [S-Ni(OH )2  was  used  as  an  initial  model.  Silicon 


Table  2 

Parameters  in  the  Rietveld  refinement 


Biso(Ni(OH)2)  (A2) 

5.4(3) 

Biso(Si)  (A2) 

1.2 

Zero  point  error  of  26 

0.010(3) 

a ,  c(Ni(OH)2)  (A) 

3.118(2),  4.660(4) 

fl(Si)  (A) 

5.4308 

W(Ni(OH)2)  r2) 

1.54(7) 

W(Si)  (°2) 

0.019(2) 

Wfgraphite)  (°2) 

0.024(1) 

(Si)  was  added  to  the  sample  and  refined  as  a  second  phase  in 
order  to  enable  accurate  estimates  of  the  zero-point  shift  of 
the  20-scale.  The  cell  parameter  of  Si  was  not  refined  but 
nevertheless  fitted  the  diffraction  pattern  well,  indicating 
that  no  serious  systematic  errors  of  the  20-scale  were  pre¬ 
sent.  The  graphite  of  the  cell  was  refined  as  a  third  phase.  An 
isotropic  displacement  parameter  was  refined  for  all  three 
types  of  atoms  in  P-Ni(OH)2.  The  positional  parameters  of 
P-Ni(OH)2  were  locked  at  the  literature  values  [19].  The 
positional  parameters  z(O)  and  z(H)  were  thought  to  be  well 
modelled  by  the  powder  neutron  refinement  by  Greaves  and 
Thomas  [19].  The  results  and  the  parameters  for  the  refine¬ 
ment  are  found  in  Table  2  and  the  Rietveld  plot  is  shown  in 
Fig.  7. 

The  full  width  at  half  maximum  (FWHM)  was  modelled 
by  the  usual  quadratic  form  in  tan(0)  [20]. 

(FWHM)2  =  U  tan2(0)  +  Vtan(0)  +  W 

Due  to  the  small  number  of  peaks,  only  a  separate  W 
parameter  was  refined  for  each  phase.  This  is  clearly  insuf¬ 
ficient  for  modelling  the  (/ik/)-anisotropy  of  the  Ni  phase 
peaks. 

Conventional  Bragg  A’-values  for  the  three  phases  are:  R- 
fi(Ni(OH)2)  =0.109,  R-B(Si)  =0.050  and  R-5(graphite)  = 
0.050.  The  use  of  R-B  in  favour  of  the  more  common  R-wP 
and  R-P  is  strongly  recommended  in  order  to  determine  how 
well  a  specific  structural  model  fits  the  observed  data  [21], 

The  cell  parameters  of  the  refined  charged  P-Ni(OH)2 
phase  were  a  =  3.1 18(2)  A  and  c  =  4.660(4)  A.  Despite  a 
very  slight  deviation  of  the  cell  parameters  towards  the 
conventional  charged  structure  (a  =  2.81  A  and  c  =  4.84  A 
JCPDS  06-0141)  from  the  Greaves  and  Thomas’  values  for 
the  discharged  material  ( a  =  3.126(1)  A  and  c  =  4.593(1) 
A),  the  phase  is  well  described  by  the  structure  of  the 
discharged  p-Ni(OH)2.  Since  the  cell  parameter  changes 
are  in  opposite  directions  for  the  a  and  c  parameters,  it  is  not 
a  consequence  of  some  instrumental  errors. 

3.4.  Electrochemical  measurements 

The  results  from  the  electrochemical  investigation  are 
shown  in  Table  3.  For  more  details  about  the  voltammetry  of 
the  active  Ni  material  consider  [14],  There  are  two  reduction 
peaks  observed,  the  first  one  occurred  at  a  potential  of 
200  mV  versus  Ag/AgCl  reference  electrode  corresponding 
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(b)  20  (°) 

Fig.  7.  (a)  Experimentally-determined  XRD  pattern  of  the  charged  material 
[A]  compared  to  a  theoretical  pattern  calculated  using  the  results  from  the 
Rietveld  refinement;  note  the  narrow  (10  0)  peak,  (b)  The  results  from  the 
Rietveld  refinement,  a  difference  curve  (bottom  curve)  together  with  the 
observed  experimental  diffraction  pattern  (upper  curve).  In  the  figure,  the 
theoretical  peak  positions  of  graphite,  silicon  and  p-Ni(OH)2  are  shown. 

to  the  reduction  of  [1-NiOOH  to  P-Ni(OH)2.  The  second 
peak  occurred  at  a  potential  of  —440  mV  corresponding  to 
the  reduction  of  p-Ni(OH)2  to  nickel  metal.  The  amount  of 
charge,  the  area  of  the  peaks,  was  calculated  for  the  two 
reduction  peaks.  The  area  of  the  second  peak  was  about 
twice  as  large  as  the  area  of  the  first  one.  The  reason  for  this 
is  that  the  electron  transfer  for  the  second  reaction  is  a  two- 
electron  transfer  Ni(II)  — >  Ni(0),  while  that  of  the  first  one  is 
a  one-electron  transfer  Ni(III)  — >  Ni(II).  A  simple  calcula¬ 
tion  shows  that  the  sample  initially  contained  about  80%  of 
the  charged  material.  This  concludes  that  the  material  was 


Table  3 

The  potential  and  amount  of  charge  for  the  reduction  steps  in  the 
electrochemical  investigation  of  material  [A] 


Reaction 

No.  of  e- 
(in  electron 
transfer) 

Potential  (mV) 
vs.  Ag/AgCl 

Charge 

(mQ) 

p-NiOOH  - 

>  P-Ni(OH)2 

i 

200 

480 

p-Ni(OH)2  - 

->  Ni 

2 

-440 

1220 

almost  fully  charged,  since  a  charged  battery  cell  to  some 
extent  also  contains  minor  amounts  of  the  discharged  phase. 
The  CPEE  method  reduces  all  materials  at  the  electrode 
surface,  i.e.  even  material  that  is  not  utilised  in  the  battery. 
The  same  conclusion  could  be  made  from  the  chronopo- 
tentiometry  experiments. 

3.5.  TEM  measurements 

TEM  was  performed  on  discharged  [A]  and  pristine 
charged  positive  material.  The  material  was  washed  in  water 
and  dried  at  70°C  overnight  before  insertion  in  the  micro¬ 
scope.  It  should  be  emphasised  that  this  treatment,  the 
sample  preparation  (ethanol  is  a  reducing  agent)  as  well 
as  the  high  vacuum,  the  elevated  temperature  and  the  beam 
itself  inside  the  microscope  are  parameters  that  may  affect 
the  specimen.  During  the  time  scale  of  the  experiment,  we 
could  not  observe  any  radiation  damage  of  the  sample. 

In  Fig.  8,  a  low  magnification  picture  is  presented  showing 
the  shape  of  the  p-Ni(OH)2  particles.  The  prolonged  crystal¬ 
lite  is  rod  shaped  and  growing  along  the  c-axis.  In  Fig.  9a,  a 
perfectly  aligned  selected  aperture  electron  diffraction 
(SAED)  pattern  along  the  [10  0]  zone  axis  is  shown, 
indicating  a  well  ordered  and  crystalline  material.  A  careful 
study  of  the  reciprocal  space  in  these  crystals  indicates  that 
the  lattice  parameters  and  symmetry  are  significantly  dif¬ 
ferent  compared  to  the  data  reported  (JCPDS  14-01 17).  The 
indexing  of  the  [10  0]  zone  axis  (Fig.  9a)  resulted  in  a  c-axis 
equal  to  5.0(1)  A  (five  randomly-chosen  crystals  were  used 
for  the  calculation),  which  should  be  compared  with  the 
tabulated  value  c  =  4.605  A  (JCPDS  14-0117).  The  length 
of  the  /;-axis  did  not  deviate  from  the  tabulated  value 
obtained  by  powder  diffraction.  It  should  be  mentioned  that 
although  the  precision  of  TEM  is  below  powder  X-ray  or 
neutron  diffraction,  the  differences  observed  are  significant. 

Tilt  experiments  around  the  principal  directions  in  the 
[1  0  0]  zone  axis  were  performed  in  order  to  avoid  double 
diffraction  and  to  enable  the  study  of  possible  translational 
symmetry  elements  [22].  Forbidden  or  systematically  absent 
reflections  in  X-ray  and  neutron  diffraction  patterns,  due  to 
translational  symmetry  elements,  can  exhibit  intensity  in 
SAED  pattern  as  a  consequence  of  double  diffraction.  That 
is,  a  diffracted  beam  can  act  as  a  new  primary  beam  and  be 
re-diffracted  when  travelling  through  the  crystal.  This  can 
occur  only  when  the  crystal  is  well  aligned  with  respect  to  a 
crystallographic  direction.  Tilting  the  crystal  out  of  the 
crystallographic  direction  eliminates  double  diffraction 
and  makes  it  possible  to  study  translational  symmetry  ele¬ 
ments.  In  Fig.  9a,  the  perfectly-aligned  SAED  pattern  along 
[1  0  0]  is  shown.  In  Fig.  9b  and  c,  the  results  of  the  tilting 
experiments  are  shown.  Note  that  the  reflections  along 
[0  0  1]  with  /  =  2n  +  1  are  missing  in  Fig.  9b.  In  Fig.  9c, 
all  reflections  are  present.  These  results  indicate  that  the 
discharged  material  [A]  should  have  a  translational  sym¬ 
metry  element  along  the  [0  0  1]  direction  in  contrast  to  what 
is  reported  for  |3-Ni(OH)2,  P31m  (16  2)  [9,19], 
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Fig.  8.  Low  magnification  TEM  image  of  a  P-Ni(OH)2  crystal  [A]  (discharged),  horizontal  in  the  figure,  showing  the  rod-like  appearance  along  the 
[0  0  1]  axis. 


Convergent  beam  electron  diffraction  (CBED)  measure¬ 
ments  are  in  progress  in  order  to  determine  the  correct  space 
group,  and  will  be  reported  elsewhere. 

TEM  investigations  on  pristine  charged  material  show  no 
crystalline  order  at  all. 

3.6.  Chemical  analyses 

The  relatively  high  Fe  content  in  the  positive  active 
materials  [BJ  and  [C]  (see  Table  4)  may  affect  the  perfor¬ 
mance  of  the  cell  and  lower  the  overvoltage  of  oxygen 
evolution,  and  therefore,  somewhat  decrease  the  positive 
electrode  capacity  to  a  final  voltage  of  1.5  V  versus  Zn/ZnO. 
However,  in  the  present  case  the  main  reason  to  the 


decreased  chargeability  was  found  to  be  carbonation  of 
the  graphite  in  the  positive  material;  Ahlberg  et  al.  [14], 
The  iron  and  carbonation  effects  mentioned  above  ought  to 
make  the  materials  [B]  and  [C]  more  similar  with  respect  to 
the  structure  of  the  discharged  phase.  This  is  not  observed  in 
our  diffraction  patterns.  From  the  interpretation  of  the 
diffraction  patterns,  the  [BJ  and  [C]  materials  are  similar 
to  the  conventional  charged  [S-NiOOH  phase  despite  the  low 
chargebility  of  [B]  and  [C] .  Material  [A]  is  on  the  contrary 
similar  to  the  discharged  phase  even  though  this  material 
exhibits  the  best  capacity,  the  lowest  degree  of  carbonation 
and  the  lowest  Fe  content  (see  Table  4).  By  considering  the 
nominal  capacity  of  the  [A]  positive  electrode  and  compar¬ 
ing  the  value  with  the  experimentally  determined  electrode 


Table  4 

Chemical  analyses  and  capacity  measurements  of  the  positive  active  materials 


Material 

Test  background3 

Nominal  capacity 
(Ah) 

Experimentally-determined 
nominal  capacity5  (%) 

Degree  of 
carbonationc  (%) 

Fe  content 
(wt.%) 

A 

1 .42  V/RT/2  years 

145 

>95 

13 

0.05 

B 

1 .40  V/40C/3  years 

114 

59 

57 

0.49 

C 

1 .42  V/40C/3  years 

131 

37 

46 

0.40 

a  Float-charged  at  a  certain  potential/temperature/time  in  operation. 
b  Capacity  at  potential  1.50  V  vs.  Zn/ZnO  reference  electrode. 
c  Calculated  as  the  concentration  ratio  of  K2C03  and  ^(K2C03,  KOH,  LiOH). 
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Fig.  9.  (a)  SAED  pattern  along  the  [10  0]  direction,  and  (b)  and  (c)  correspond  to  the  same  pattern,  but  slightly  tilted.  In  (b)  the  [0  0  1]  row  and  in  (c)  the 
[0  1  0]  row  is  kept  fixed.  Notice  how  the  reflections  with  l  =  2n+  \  are  missing  in  (b)  and  that  no  reflections  are  missing  in  (c). 


capacity  after  2  years  of  float  charging,  more  than  ~95%  of 
the  available  nickel  is  still  electrochemically  active.  From 
these  calculations,  one  can  assume  that  the  amount  of 
discharged  material  after  charging  is  rather  small,  and 
should  not  significantly  contribute  to  the  X-ray  diffraction 
pattern. 

The  Li  content  in  the  positive  active  material  should  not 
cause  any  performance  problem  as  the  Li/Ni  ratio  is  very 
low,  less  than  or  equal  to  0.007.  Briggs  [23]  claims  that  a 
ratio  above  0.08  should  be  detectable  by  XRD  as  lithium 
nickelate,  LiNiCL.  We  did  not  observe  any  contributions 
from  LiNiOi. 


4.  Conclusions 

In  this  study,  three  different  aged  electrodes  from  pocket 
plate  single  cells  have  been  investigated.  The  results 
illustrate  the  difficulties  when  using  diffraction  methods 
and  when  characterising  the  positive  active  Ni  material, 
especially  the  charged  phase.  The  structures  of  the  Ni 
material  may  depend  on  several  parameters:  temperature, 
working  potential,  time  in  use  in  working  conditions,  and  the 


content  of  the  electrolyte,  etc.  In  two  cases  out  of  three,  the 
charged  phases  exhibit  a  diffraction  pattern  consisting  of 
three  broad  peaks.  The  peak  positions  can  be  used  to 
calculate  a  hexagonal  unit  cell.  This  is  mathematically 
possible  but  not  reliable.  To  calculate  a  unique  model 
from  these  amorphous  materials  is  then  unreasonable  and 
impossible. 

This  study  also  shows  the  existence  of  a  charged  nickel 
hydroxide  phase  with  a  diffraction  pattern  similar  to  the 
diffraction  pattern  of  the  conventional  P-Ni(OH)2.  The 
charged  state  was  confirmed  by  electrochemical  measure¬ 
ments.  Several  different  structure  models  could  be  possible, 
for  example  the  P-Ni(OH)2  structure  used  in  this  study  for 
the  Rietveld  refinements  of  a  structure  model  of  the  charged 
material  [A],  Still  another  structure  model  of  the  charged 
phase  p-NiOOH  would  be  small  domains  of  Ni02  and  p- 
Ni(OH)2  giving  the  overall  stoichiometry  of  P-NiOOH.  It 
must  be  emphasised  that  the  structure  of  p-NiOOH  is 
essentially  unknown.  The  domains  could  be  randomly 
oriented  and  causing  an  average  structure  giving  a  diffrac¬ 
tion  pattern  similar  to  those  observed  for  [B]  and  [C], 
Consequently,  it  is  unrealistic  to  talk  about  a  unique  struc¬ 
ture  model  of  the  charged  phase. 
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Broad  diffraction  peaks  should  at  some  point  (of  broad¬ 
ness)  no  longer  be  interpreted  as  Bragg  peaks,  but  more  as  a 
general  probability  of  finding  a  repetition  distance  in  the 
structure.  One  can  interpret  these  broad  peaks  in  a  traditional 
sense  as  for  a  well-crystalline  compound,  but  for  the  struc¬ 
tural  model  to  be  complete  for  as  amorphous  samples  as  the 
charged  Ni  electrode  material  one  should  also  have  some 
idea  about  the  disorder  evidently  present.  One  way  to 
accomplish  this  goal  would  be  to  investigate  the  total 
scattering  from  an  electrode  sample  using  reverse  Monte- 
Carlo  modelling  (RMC). 

The  most  reliable  method  for  investigation  of  local  struc¬ 
ture  from  ordered  as  well  as  disordered  materials  is  TEM 
investigations,  if  one  can  handle  the  additional  difficulties 
(sample  preparation,  radiation  damage,  the  sample  contain¬ 
ment,  etc.)  connected  with  TEM.  The  X-ray  powder  diffrac¬ 
tion  method  works  very  well  for  crystalline  ordered 
materials  where  the  information  from  the  disordered  part 
of  the  compound  is  hidden  in  the  background  level. 

The  results  from  the  TEM  investigations  of  well-crystal¬ 
line  samples  of  the  discharged  material  [AJ  show  structural 
dissimilarities  to  the  normal  [5 - N i ( 0 H ) 2  structure.  The 
charged  phase  of  pristine  positive  material  was  completely 
amorphous  in  the  TEM.  With  the  observation  that  the  sample 
is  amorphous  even  at  the  length  scale  attainable  in  the  TEM, 
it  is  most  difficult  to  understand  the  correctness  of  assigning 
crystal  structure  models  to  the  charged  phase  from  powder 
diffraction  data.  This  phase  must  be  studied  with  methods 
either  sensitive  to  the  local  structure  (TEM)  or  with  methods 
taking  into  account  even  the  information  in  the  background 
(liquid,  paracrystalline  modelling  with  the  RMC).  The 
deviations  of  the  structure  of  the  discharged  material  [A], 
studied  in  the  TEM,  compared  to  the  normal  P-Ni(OH)2 
structure  are  small.  Probably,  a  good  fit  to  the  X-ray  diffrac¬ 
tion  pattern  of  the  normal  (!-Ni(OH)2  can  be  obtained  with  a 
slightly  different  structure  model.  Further  investigations  are 
in  progress  to  better  determine  space  group  and  structural 
parameters  for  the  discharged  material  [A],  and  also  to  look 
for  common  structural  features  from  different  indistinguish¬ 
able  models  of  the  amorphous  diffraction  pattern  of  the 
charged  phase. 
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